Introduction
Tissue damage following the onset of myocardial infarction (MI) triggers a plethora of subsequent events, which strongly affect organ function and clinical outcome. 1 Death of cardiomyocytes is accompanied with release of cytosolic contents stimulating tissue resident immune cells and local cells to produce pro-inflammatory cytokines and chemokines, which are responsible for the accumulation of leucocytes at sites of injury. 2 In particular, neutrophil granulocytes and members of the mononuclear phagocyte system (MPS) including macrophages, monocytes, and dendritic cells (DCs) gather in great numbers within the injured myocardium to clear the infarcted region from dead cardiomyocytes and tissue debris. 3, 4 Several studies have indicated the importance of a rapid but coordinated leucocyte expansion for efficient myocardial healing. 3, 5 Macrophages play a pivotal role in this process not only because of their phagocytic capacity but also due to their function in regulating immune-inflammatory events, vascularization of the damaged area and scar formation. 6, 7 Macrophages do not represent a phenotypically and functionally uniform cell population as indicated by flow cytometry, genetic lineage tracing, and parabiosis studies but execute various different, sometimes even opposing functions both under basal and pathophysiological conditions. 3, 4, [8] [9] [10] Although the sequential appearance and relative ratios of distinct macrophage lineages serving different purposes are critical for cardiac remodelling, surprisingly little is known about the signals and regulatory interactions which guarantee correct accumulation of distinct macrophage subsets at the right time and place after MI. 9, 7 Furthermore, information about gene activity patterns reflecting biological functions and identity of different macrophage populations is incomplete. 9 Without such knowledge selective modulation of macrophage subsets at sites of myocardial damage to augment and optimize intrinsic wound healing appears difficult. 6 We have previously reported that dedifferentiating cardiomyocytes appearing in the border zone of MIs act as signalling hubs for overall macrophage accumulation by releasing Regenerating islet-derived protein 3 beta (Reg3b), which belongs to a small evolutionary conserved C-type lectin protein family that also comprises Reg3c and Reg4. 11, 12 Loss of Reg3b resulted in impairment of macrophage recruitment to the damaged heart after MI, which compromised myocardial healing and clinical outcome. 11 Herein, we determined dynamic changes in the composition of tissue macrophages after the onset of MI using differential expression of MHC-II and Ly6C as a means to identify distinct macrophage subsets. 4 
Methods
An expanded Methods section describing all procedures and protocols is available in the Supplementary material online. 
Mice and surgical procedures

Human heart tissue
Left ventricular myocardial tissue samples were collected at autopsy from individuals with left ventricular MI. Microscopic criteria were used to estimate infarct duration and categorize autopsy material into an early phase (<12 h) and polymorphonuclear neutrophil (PMN) phase (> _12-120 h). 13 Tissue samples from individuals who died from non-cardiac causes without inflammatory or infectious conditions, or a malignancy were used as control. Myocardial samples were collected from the centre of the infarction area or from the anterior wall of the left ventricle in case of non-infarcted autopsy material. Consent was obtained for the use of myocardial tissue. The study was approved by The Ethics Committee of the VU University Medical Center in Amsterdam and conducted in accordance with the declaration of Helsinki.
Flow cytometry
For analysis of leucocytes at sites of cardiac damage, infarcted tissue was dissected and enzymatically digested with liberase blendzyme (Roche, catalogue no. 05401054001, 0.15 mg mL -1 ) to obtain a single-cell suspension as reported previously.
14 Antibodies used for identification and discrimination of individual leucocyte and macrophage subsets are listed in the Supplementary material online.
2.4 RNA sequence analysis and ClueGO gene ontology and pathway annotation network analysis of sorted tissue macrophage subsets
For RNA sequence analysis, RNA was isolated from FACS-sorted tissue macrophages and myeloid DCs. For each tissue macrophage subset, genes were defined as differentially regulated when they met the following conditions: an adjusted P-value lower than 0.05 and a two-fold increase or decrease in respect to all other populations analysed. Lists of up-and down-regulated genes were used to perform gene ontology network analysis in ClueGO employing right-sided hypergeometric tests, Bonferroni step-down P-value correction and a kappa score level threshold of 0.5. 15 
Semiquantitative RT-PCR and microarray analysis
Semiquantitative RT-PCR analysis was done using the iCycler (Biorad) as described previously. 16 The GeneChip Mouse Gene 
Immunofluorescence
Samples for fluorescence microscopy were processed as previously described. 18 Primary antibodies used for immunofluorescence staining are listed in the Supplementary material online.
Statistical analysis
For statistical analysis, one-way or two-way analysis of variance (ANOVA) with subsequent Bonferroni multiple comparisons were used for comparison of three or more groups. Unpaired t-test was used for comparison of two groups. P-values less than 0.05 were considered statistically significant (P < 0.05).
Results
Distinct cardiac macrophage subsets expand dynamically after MI
Previous reports identified three major macrophage subsets in the heart that can be distinguished by differential expression of MHC-II and Ly6C using flow cytometry. 4 Figure 1A) . 19 As an additional precaution we excluded cells expressing CD115, which is a widely used marker for monocytes in blood and cardiac tissue, although some macrophages have been described to express CD115. [20] [21] [22] The full gating strategy for identification of cardiac tissue macrophages and their discrimination from monocytes and DCs is illustrated in the Supplementary material online, Figure S1 . We found that the absolute numbers of all CD45 Figure S2 and Figure  1E ). Table S5 ). We further observed increased expression of the receptors Ddr1, Dpp4, and Ly75 that promote inflammation (see Supplementary material online, Table S6 ). (CXCL12, Bmp2, Bmp6, Nrg1, Csf1) and receptors (Ephb1, Robo4, Adgrg1, Flt1, Kdr, Met, Eng, Agp1), enriched in this subset, are involved in cell migration and developmental processes (see Supplementary material online, Table S5 and S6).
Initial accumulation of cardiac tissue macrophages and their subsets depends on Reg3b
Recruitment of macrophages at sites of cardiac injury is co-ordinated by local production of chemokines providing directional signals for their migration. We previously described that loss of the cardiomyocyte-derived chemokine Reg3b causes impairment of global macrophage recruitment to the damaged heart after MI but did not investigate effects of Figure 3C ). In contrast, we observed an increase of Ly6C hi macrophages, albeit to a lesser extent than in WT mice ( Figure 3D Figure 3A-D) .
Since the increase of tissue macrophages in the adult heart under inflammatory conditions predominantly relies on the infiltration of monocytes followed by differentiation to macrophages, we asked whether the initial lack of macrophage expansion in Reg3b À/À mice might be caused by impaired extravasation of monocytes. 4, 8 In fact, we observed a complete absence of monocyte recruitment in Reg3b À/À hearts at sites of cardiac damage 24 h after MI. Even 2 days after MI, the number of infiltrating monocytes was substantially decreased compared with WT hearts ( Figure 3E ). Along the same line, the number of monocyte-derived CCR2 þ cardiac tissue macrophages was reduced in Reg3b À/À mice 24 h after MI, again most dramatically affecting the MHC-II hi /Ly6C lo subpopulation ( Figure 3F ). 4 One day later, no significant differences of monocytederived CCR2 þ tissue macrophages were apparent between Reg3b
and WT mice, despite reduced infiltration of monocytes in Reg3b
infarcted hearts ( Figure 3E and F) . This observation might indicate that reduced extravasation of monocytes in Reg3b À/À mice is partially compensated, e.g. by an increased proliferation or differentiation of CCR2 þ cardiac tissue macrophages. Taken together, our data emphasize the importance of Reg3b for initial macrophage accumulation at sites of cardiac damage and document a differential effect on distinct macrophage subpopulations.
Local production of Reg proteins by cardiomyocytes is increased at early stages after MI
Since Reg3b is part of an evolutionary conserved C-type lectin protein family, 12 whose members might share overlapping functions, we decided to characterize the expressional profile of the Reg protein paralogues Reg3b, Reg3c, and Reg4 in mouse and human hearts after MI by immunofluorescence and RT-qPCR. Reg3c and Reg4 showed a similar location as Reg3b in cardiomyocytes in close proximity to the infarcted region of mouse hearts ( Figure 4A ) but different expression kinetics ( Figure 4B) . Expression of Reg3b peaked already at Day 1 after MI in the infarcted region compared with the remote zone while Reg3c and Reg4 reached the highest expression at Day 2 and Day 4, respectively ( Figure  4B ). At Day 14 after MI, relative expression of all analysed Reg genes (Reg3b, Reg3g, and Reg4) had decreased and nearly returned to baseline levels ( Figure 4B ). Next, we investigated myocardial tissue samples from human individuals with left ventricular MI that were categorized into an early (<12 h) and PMN phase (> _12-120 h) based on morphological criteria. 13 Herein, expression of all Reg proteins was found in cardiomyocytes during the early phase and PMN phase ( Figure 4C ). In contrast, we did not detect expression of Reg3b, Reg3c, and Reg4 in human control individuals, who did not die because of cardiac, inflammatory or infectious, and malignant diseases ( Figure 4C ).
Combined immunostainings with CD11b and PDGFRa located Reg proteins on CD11b
þ myeloid immune cells but not on PDGFRa þ cardiac fibroblasts in myocardial sections of infarcted mice ( Figure 4A and Supplementary material online, Figure S9 ). However, in contrast to the strong immunofluorescence signal of Reg proteins on interstitial immune cells at sites of myocardial injury, we did not detect a substantial expression of Reg genes in these cells. In fact, GeneChip-based transcriptional profiling revealed that Reg3b, Reg3c, and Reg4 are expressed at very low levels in CD11b þ myeloid cells isolated from the infarction zone of mice 4 days after MI (see Supplementary material online, Figure S10 ). Since cultured cardiomyocytes after stimulation with cytokines express and secrete high levels of Reg3b, Reg3c, and Reg4 (see below), we concluded that Reg proteins are mainly produced by cardiomyocytes during the first days after MI, yet with different kinetics, and subsequently bind to interstitial immune cells ( Figure 5A ).
Inflammatory cytokines induce increased production of Reg proteins at sites of cardiac damage
The rapid onset of Reg gene expression in cardiomyocytes after MI suggests an inflammation-driven, cytokine-based regulatory mechanism. In fact, Oncostatin M (OSM), an immune cell-derived cytokine of the IL-6 type family, has been recently identified as a potent inducer of Reg3b protein production in cardiomyocytes via activation of the OSMR/Jak1/ STAT3 pathway. 11 To investigate the requirement of OSM signalling for Reg protein expression in vivo, we induced MI in OSM receptor mutant mice (Osmr À/À ), which are characterized by impaired cardiomyocyte dedifferentiation after MI. 29 Since we wanted to know whether OSM affects Reg protein expression directly or indirectly via induction of cardiomyocyte dedifferentiation, we further analysed expression of Reg proteins together with markers of cardiomyocyte dedifferentiation such as of a-actinin-1, a-SM-actin, and Runx1. We observed a clear reduction of a-actinin-1, a-SM-actin, and Runx1 expression in Osmr À/À hearts, which was particularly evident 4 days after MI ( Figure 5A and B) . Similarly, inactivation of OSMR reduced expression of Reg3b and Reg4 at Day 2 after MI, which became even more prominent for Reg3b at Day 4 while Reg4 expression returned to WT levels ( Figure 5A and B) . In contrast, abrogation of OSM signalling in vivo did not affect expression of Reg3b and Reg4 at Day 1 post-MI when dedifferentiation of cardiomyocytes has not yet occurred ( Figure 5B ). Expression of Reg3c was not reduced but even higher in Osmr À/À mice, especially 24 h after MI ( Figure 5B ). Correlation analysis between expression of a-actinin-1, a-SM-actin, Runx1 and Reg proteins supported our hypothesis that increased production of Reg3b and Reg4 correlates with cardiomyocyte dedifferentiation while the increased expression of Reg3c does not seem to be linked to dedifferentiation of cardiomyocytes ( Figure 5C ). The OSMR-independent expression of Reg3c and Reg4 in vivo after MI prompted us to investigate the ability of various inflammatory mediators to induce expression of Reg proteins in different cell types. We did not detect a specific signal for any Reg protein in myocardial cells depleted of cardiomyocytes (i.e. 'non-cardiomyocytes') after 48 h of stimulation with OSM, IL-6, TNF-a, IL-4, or TGF-b (see Supplementary material online, Figure S11 ). However, OSM induced a strong expression of Reg3b (increase of 512%) and Reg3c (increase of 289%) in cardiomyocytes ( Figure  5D and E). IL-6 elicited similar effects and promoted Reg3b and Reg3c expression in cardiomyocytes by 192% and 208%, respectively, which is consistent with previous reports indicating the ability of IL-6 type cytokines to stimulate Reg expression in vitro and in vivo ( Figure 5D and E).
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In contrast, OSM stimulated Reg4 expression only moderately, at a much lower level (144%) compared with Reg3b and Reg3c and in the same range as TNF-a (147%) (Figure 5D and E) . Intriguingly, addition of TGF-b suppressed both basal and OSM-mediated production of Reg3b and Reg3c in cultured cardiomyocytes providing a potential explanation for the increase of Reg3c in Osmr À/À mice, which are characterized by decreased TGF-b expression within the IZ (see Supplementary material online, Figure S12 ). Next, we analysed the ability of Reg proteins to stimulate migration of macrophages. Dose-response studies revealed a pronounced migrationpromoting effect of Reg3b, Reg3c, and Reg4 in scratch assays already at 1 ng mL -1 with a peak at 100 ng mL -1 (see Supplementary material online, Figure S13A , D). Moreover, all Reg protein paralogues exerted strong and comparable chemokinetic activity on cultured macrophages (see Supplementary material online, Figure S13B , C, E, F). To investigate whether Reg3b, Reg3c, and Reg4 exert different or similar effects on the accumulation of cardiac macrophage subsets, we developed a protocol for injection of Reg proteins into infarcted hearts followed by flow cytometric analysis ( Figure 6A ). Initially, we performed dose-response measurements in non-infarcted hearts to optimize the dosage for single injections. We found that maximal increase of leucocyte numbers in non-infarcted adult hearts was accomplished by administration of 500 ng Reg3b, which was used for all Regs in subsequent experiments (see Supplementary material online, Figure S14 ). Injection of Reg3b and Reg3c immediately after LAD ligation increased the number of cardiac tissue macrophages by approximately 50% while Reg4 caused a rise by 60% within the first 2 days post-MI ( Figure 6B) . Importantly, Reg3b, Reg3c, and Reg4 stimulated the accumulation of MHC-II hi /Ly6C lo and MHC-II lo /Ly6C lo cardiac tissue macrophages. We did not observe any major differences between individual Regs although Reg4 had the strongest effect on both subsets ( Figure 6C and D) . In sharp contrast, we detected a strong suppression of the expansion of Ly6C hi cardiac tissue macrophages by Reg3b, Reg3c, and Reg4 ranging from 37% (Reg3b) and 30% (Reg3c) to 33% (Reg4) ( Figure 6E ). It is well-known that immune cells influence each other's function and kinetics. 32 Hence, we monitored the kinetics of members of the MPS and lymphocytes after administration of Reg proteins in mice after MI.
Local delivery of
We observed a sustained suppression of myeloid DCs by all Reg proteins ( Figure 6F) . Furthermore, we detected a strong suppression of the early accumulation of monocytes, which might suggest that Reg proteins not only promote local accumulation of macrophages but also stimulate differentiation of monocytes to macrophages ( Figure 6G) Figure S15A and B).
We did not detect any significant effects of locally administrated Reg proteins on the accumulation of B lymphocytes, CD4
þ , CD8 þ , and cd þ T lymphocytes within the first 24 h (see Supplementary material online, Figure  S16A ). In contrast, treatment with Reg proteins significantly increased the number of B lymphocytes 2 days after MI (see Supplementary material online, Figure S16B ). Moreover, we observed a substantial increase of CD4 þ T cells after Reg3b administration, which was paralleled by a decrease in CD8 þ T cells while administration of Reg3c and Reg4 yielded opposite effects on CD4 þ and CD8 þ T cell ratios (see Supplementary material online, Figure S16B and C). Since the receptor(s) for Reg proteins are not known, we do not know at present whether all effects of Reg proteins are mediated indirectly by monocytes and/or macrophages or whether Reg proteins also act directly on different lymphocyte populations.
Discussion
Previous studies have indicated that macrophages in the heart consist of a heterogeneous pool with distinct biological functions. during the acute phase of myocardial healing contrasts to a concept of biphasic and dichotomous accumulation of inflammatory and reparative monocytes and macrophages within the infarcted heart. In line with more recent publications, our findings support the idea of a highly complex and dynamic network of heterogeneous cardiac tissue macrophages that adapts to specific spatial and temporal needs. 4, 9, 33 The classical M1/ M2 macrophage polarization paradigm does not seem to adequately reflect the complexity of the monocyte-macrophage system in the heart. The refined classification of macrophage subpopulations proposed by Epelman et al. 4 seems to provide a better resolution but further research However, expression of CCR2 may not completely reflect the origin of all tissue macrophages as discussed previously. 7 Genetic lineage tracing approaches combined with flow cytometry will eventually clarify whether tissue resident macrophages contribute significantly to any of the macrophage populations in the adult heart during cardiac remodelling. It seems important to resolve this question, since prevention of the replacement of embryonic-derived macrophages by monocyte-derived macrophages improves cardiac repair via lowering the degree of inflammation and favouring coronary angiogenesis. 9 We recently identified Reg3b as a cardiomyocyte-derived chemokine that directs recruitment of macrophages to sites of myocardial damage. 11 hi tissue macrophages and probably also other immune cells during cardiac remodelling. The relevance of such an intercellular crosstalk between distinct leucocyte subsets residing in the injured region has been recently demonstrated in several studies but is far from being understood. [38] [39] [40] The complexity of leucocyte subsets and the finely orchestrated expression profiles of different Reg protein within the injured heart needs to be taken into account when pursuing immune-modulatory therapeutic approaches. Uncritical targeting of a specific type of immune cells might cause unwanted effects in other immune cells populations, required to cope with initial tissue damage or myocardial healing, and therefore, might induce collateral damage. 35 Clearly, additional studies of local Reg protein delivery are necessary using different models of heart failure including ischaemic, inflammatory, and diabetic cardiomyopathy to identify the conditions under which administration or neutralization of Reg protein improve cardiac function. Cardiomyocytes are usually seen as passive objects after ischaemic injury. We show that stressed or dedifferentiating mouse and human cardiomyocytes play an active role in initiating and controlling the early influx of leucocytes by the release not only of Reg3b but also of Reg3c and Reg4. 41 Cardiomyocytes situated in close proximity to the infarcted region produce large amounts of Reg3b, Reg3c, and Reg4, thereby forming a chemokine gradient that might direct interstitial migration of MHC-II hi /Ly6C lo and MHC-II lo /Ly6C lo macrophage subsets. Furthermore, our study reveals that the intercellular communication between cytokineproducing immune cells and cardiomyocytes plays a crucial role to initiate release of different Reg proteins. Although the OSM/OSMR axis is clearly sufficient to promote production of Reg3b, Reg3c and Reg4 in cultured cardiomyocytes, 11,29 OSMR signalling does not seem to be required for the expression of Reg3c and Reg4 after MI in vivo. Only the expression of Reg3b but not of Reg3c and Reg4 strongly depended on the OSMR. In addition to OSM, IL-6, and TNF-a, which exerted distinct effects on the expression of different Reg proteins, other yet unknown inflammatory cytokines are most likely required to establish the characteristic expression profiles of Reg3b, Reg3c, and Reg4 in damaged hearts. Numerous potential candidate molecules are up-regulated under acute inflammatory conditions, which need to be studied in respect to their effects on cardiomyocytes and Reg protein production.
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Supplementary material is available at Cardiovascular Research online.
